Lbx1 is a transcription factor that determines neuronal cell fate and identity in the developing medulla and spinal cord. Newborn Lbx1 mutant mice die of respiratory distress during the early postnatal period. Using in vitro brainstem-spinal cord preparations we tested the hypothesis that Lbx1 is necessary for the inception, development and modulation of central respiratory rhythmogenesis. The inception of respiratory rhythmogenesis at embryonic day 15 (E15) was not perturbed in Lbx1 mutant mice. However, the typical age-dependent increase in respiratory frequency observed in wild-type from E15 to P0 was not observed in Lbx1 mutant mice. The slow respiratory rhythms in E18.5 Lbx1 mutant preparations were increased to wild-type frequencies by application of substance P, thyrotropin releasing hormone, serotonin, noradrenaline, or the ampakine drug 1-(1,4-benzodioxan-6-yl-carbonyl) piperidine. Those data suggest that respiratory rhythm generation within the pre-Bötzinger complex (preBötC) is presumably functional in Lbx1 mutant mice with additional neurochemical drive. This was supported by anatomical data showing that the gross structure of the preBötC was normal, although there were major defects in neuronal populations that provide important modulatory drive to the preBötC including the retrotrapezoid nucleus, catecholaminergic brainstem nuclei, nucleus of the solitary tract, and populations of inhibitory neurons in the ventrolateral and dorsomedial medullary nuclei. Finally, we determined that those defects were caused by abnormalities of neuronal specification early in development or subsequent neuronal migration.
Introduction
Lbx1, the vertebrate homolog of the Drosophila ladybird gene (Jagla et al., 1995; Dietrich et al., 1998 ) is expressed in developing skeletal muscle and nervous system. This transcription factor is an important determinant of spinal dorsal neurons and somatosensory neurons in the hindbrain (Gross et al., 2002; Müller et al., 2002; Sieber et al., 2007) . In the spinal cord, the inactivation of Lbx1 alters the developmental program resulting in Lbx1-deficient spinal neurons acquiring a more dorsally derived commissural interneuron phenotype (Gross et al., 2002; Müller et al., 2002) . Furthermore, Lbx1 is expressed by both excitatory glutamatergic and inhibitory GABAergic/glycinergic neurons in the embryonic spinal cord (Cheng et al., 2005) . The loss of Lbx1 selectively eliminates these inhibitory neurons. Sieber et al. (2007) recently described Lbx1-derived neurons as a major component of the spinal trigeminal tract (SpV) in the brainstem. Here, our analysis of the brainstem revealed a wider distribution of Lbx1-derived neurons in the medulla, including in major respiratory nuclei described in this study.
Lbx1 mutant mice die shortly after birth from apparent respiratory distress. In this study, we tested the hypothesis that the breathing abnormality arises from defective central respiratory drive. Specifically, we used in vitro preparations to determine whether Lbx1 expression is necessary for the inception and development of rhythmic respiratory activity within the pre-Bötzinger complex (preBötC). Furthermore, we assessed the importance of Lbx1 expression for the development of medullary networks that modulate central respiratory rhythmogenesis. Neurotransmitter receptor agonists, antagonists and modulators were administered to assess the ability of neuromodulatory systems to normalize respiratory rhythmogenesis in mutant mice.
Anatomical studies using a combination of markers (transcription factors, neurotransmitter synthesizing enzymes, and peptide receptors) were then performed to determine whether there are structural abnormalities within pontomedullary structures that could account for the respiratory phenotype identified by electrophysiological recordings. This includes the preBötC, retrotrapezoid nucleus (RTN), catecholaminergic brainstem nuclei, nucleus of the solitary tract (NTS), and populations of inhibitory neurons in the ventrolateral and dorsomedial medullary nuclei.
Materials and Methods

Generation and genotyping of mice. The generation of Lbx1
GFP(neo) has been described previously (Gross et al.,2002) . Identification of mutant offspring was performed by PCR genotyping of snap frozen tissue with the specific primers for Lbx1 (MKG396, CAG CTG CAG AAG CCA GGA CTG; MKG321, CCG GAC ACG CTG AAC TTG TGG; MKG333, ATG ACT TCC AAG GAG GAC GGCA), green fluorescent protein (GFP)/ yellow fluorescent protein (YFP) (GCA CGA CTT CTT CAA GTC CGC CAT GCC; GCG GAT CTT GAA GTT CAC CTT GAT GCC, 280 bp), Amplification of mutant and wild-type Lbx1 alleles generated diagnostic bands of 315 and 445 bp, respectively.
Brainstem-spinal cord preparations. Newborn mouse pups (within 15 min of birth) were anesthetized with metofane. Prenatal mice at embryonic day 15.5 (E15.5)-E18.5 were delivered from timed-pregnant mice anesthetized with halothane and maintained at 37°C by radiant heat. All procedures used in this study were approved by the Animal Welfare Committee at the University of Alberta. Newborn pups and embryos were decerebrated and the brainstem-spinal cord with the diaphragm muscle attached was dissected following procedures similar to those established for perinatal rats (Smith et al., 1990; Greer et al., 1992) . The neuraxis was continuously perfused at 27 Ϯ 1°C (perfusion rate 5 ml/ min, chamber volume of 1.5 ml) with Kreb's solution that contained (in mM): 128 NaCl, 3.0 KCl, 1.5 CaCl 2 , 1.0 MgSO 4 , 24 NaHCO 3 , 0.5 NaH 2 PO 4 , and 30 D-glucose equilibrated with 95%O 2 /5%CO 2 , pH 7.4.
Recording and analysis. Recordings of C4 ventral roots and diaphragm electromyogram (EMG) were made with suction electrodes. Signals were amplified, rectified, low-pass filtered and recorded on computer using an analog-digital converter (Digidata 1200; Molecular Devices) and data acquisition software (Axoscope; Molecular Devices). Mean values relative to control for the period of respiratory motoneuron discharge were calculated from a minimum of 30 consecutive bursts. Values given are means and SDs. Statistical significance was tested using one way ANOVA with HolmSidak test; significance was accepted at p values lower than 0.05.
Plethysmographic measurements. Wholebody plethysmographic measurements of the frequency and depth of breathing were made from unrestrained newborn mice using a pressure transducer (model DP 103; Validyne) and signal conditioner (CD-15; Validyne).
Pharmacological agents. All drugs were purchased from Sigma. The ampakine CX546 was dissolved in dimethylsulfoxide to make a 50 -200 mM stock solution.
Animal handling for anatomical studies. Timed pregnant mice at embryonic ages (E)10 to E18 were anesthetized with halothane (1.5% delivered in 95% O 2 and 5% CO 2 ) and fetal mice were delivered and fixed by immersion in 4% paraformaldehyde in phosphate buffer (PB) at pH 7.2 (ϽE15). Postnatal mice were anesthetized by hyperthermia. Mice older than E15 were transcardially perfused with the same fixative solution. Brainstems were dissected and postfixed before sectioning with a vibratome (VT1000S; Leica) or cryoprotected and sectioned on a cryostat (Bright Instruments). All procedures used in this study were approved by the Animal Welfare Committee at the University of Alberta or Washington University in St.
Louis.
Immunohistochemistry. Mutant and wildtype mice within the same litter were processed together for comparisons. Immunohistochemical detection of GFP with a specific antibody improved the resolution for the detection of GFP-expressing (GFP ϩ ) cells (Gross et al., 2002) . Detailed protocols for the immunohistochemistry experiments have been reported previously (Pagliardini et al., 2003) . In brief, transverse vibratome (50 m) or cryostat (20 m) sections were incubated with 1.0% BSA or 10% normal horse serum and 0.2-0.3% Triton X-100 in PBS for 60 min and then incubated overnight with primary antibodies diluted in PBS, 0.1% BSA and 0.2-0.3% Triton X-100. Primary antibodies used for this study were as follows: goat anti-choline acetyl transferase (ChAT; 1:300, Millipore Bioscience Research Reagents), rabbit antisomatostatin (SST; 1:1000, Immunostar), rabbit anti-green fluorescent protein (GFP; 1:500, Invitrogen), chicken anti-GFP (1:500, Aves Labs), rabbit anti-neurokinin 1 receptor (NK1R; 1:1000, Advance Targeting System), rabbit anti-paired homeobox domain transcription factor 2 (Pax2, 1:500, Zymed Labs/Invitrogen), rabbit anti-tyrosine hydroxylase (TH; 1:2000, Millipore Bioscience Research Reagents), rabbit antiwinged helix/Forkhead transcription factor P2 (FoxP2; 1:700, AbCam), guinea pig anti-LIM homeodomain transcription factor 1b (Lmx1b; 1:500, kindly provided by Dr. T. M. Jessell, Columbia University, New York, NY), and rabbit anti-paired-like homeobox 2b (Phox2b; 1:500, kindly provided by Dr. J. F. Brunet, CNRS, Paris, France).
The following day, sections were washed and incubated with specific secondary antibodies diluted in PBS and 0.1% BSA for 2 h (Cy3-, Cy5-or Cy2-conjugated donkey anti-rabbit, donkey anti-goat, donkey antiguinea pig; 1:200; Jackson ImmunoResearch; or Alexa488-conjugated anti-rabbit, donkey anti-chicken; 1:1000, Invitrogen). Sections were further washed, mounted, and coverslipped.
In situ hybridization for GlyT2. Slides are immersed in 4% PFA, permeablized with proteinase K, washed in 0.1 M triethanolamine-HCl with 0.25% acetic anhydride, blocked in hybridization buffer at 65°C, then placed into slide mailers containing hybridization buffer with DIG- Figure 1 . Respiratory rhythmic activity generated by perinatal wild-type and Lbx1 mutant mice. A, Rectified and integrated EMG recordings from the diaphragm in brainstem-spinal cord-diaphragm preparations isolated from Lbx1 mutant and wildtype mice of different perinatal stages. The frequency of rhythmic respiratory discharge increased with age in wild-type preparations but remained relatively slow and unstable in Lbx1 mutant preparations. Population data were summarized in B. Each data point was from 5, 6, 21, and 4 Lbx1 mutants, 5, 6, 16, and 4 wild-type mice for E15.5, E16.5, E18.5, and P0, respectively. *p Ͻ 0.05 between Lbx1 mutant and wild-type of the same age group. C, Plethysmographic recordings of newborn Lbx1 ϩ/ϩ and Lbx1 GFP/ϩ mice.
labeled antisense RNA at 1 g/ml overnight at 65°C. Slides are washed in SSC buffers at 62°C. Slides are washed and incubated in alkaline phosphatase conjugated anti-DIG antibody in 10% NHS and then incubated in NBT-BCIP until cellular labeling is clear. For combined immunohistochemistry and in situ hybridization, slides are stained for mRNA expression before immunohistochemical labeling. Bright-field and confocal imaging. Fluorescently immunostained sections were examined and processed using a Zeiss 100M microscope, LSM510 NLO laser, and LSM510 software (Zeiss) or an Improvision OptiGrid structured illumination confocal using a Photometrics HQ2 camera on a Nikon 90i microscope with Phylum Software (Improvision). Thin sections and multiple sectioning acquisitions along the z-plane were performed to obtain a suitable signal through the depth of the section. Combined alkaline phosphatase in situ hybridization and fluorescently immunostained sections were acquired in bright field and then fluorescence. Acquired images in JPEG format were then exported to Photoshop for figure composition and preparation.
Surface areas of vagus (X), nucleus ambiguus (NA) and hypoglossal (XII) nuclei were measured bilaterally for each section and an average area was calculated for each animal using LSM510 software. Noradrenergic cells immunolabeled for TH were counted in serial sections at E18 and an average and SD of cells/ nucleus calculated. Paired t tests comparing Lbx1 GFP/GFP mice to Lbx1 GFP/ϩ litter mates were applied to determine statistical significance at p Ͻ 0.05.
Results
Respiratory rhythm generation by wildtype and Lbx1 mutant in vitro preparations
In preliminary experiments, newborn mouse pups were monitored immediately after delivery. All Lbx1 GFP/GFP mice displayed both abnormal limb morphology and profound apnea; alternatively referred to as Lbx1 mutants in the paper. Previous studies have demonstrated that the expression of one copy of Lbx1 gene is sufficient to promote normal embryonic development (Gross et al., 2002; Müller et al., 2002) . Consistent with this, we did not find any differences in the respiratory patterns generated by Lbx1 ϩ/ϩ and Lbx1 GFP/ϩ mice. Lbx1 GFP/ϩ mice were used as controls for this study and are also referred to as wild-type in the remainder of the paper. To determine whether the respiratory phenotype was caused by abnormal central respiratory drive, the brainstem-spinal cords with diaphragm muscle still attached were isolated from wild-type and mutant preparations. Figure 1 A shows representative diaphragm EMG recordings obtained in the perinatal period, between E15.5 and postnatal day (P0). Both mutant and wild-type preparations commenced generating respiratory activity in vitro at E15. Furthermore, there were no differences in the frequency of respiratory discharge in vitro at that age. However, the frequency of respiratory rhythm was much slower in mutants relative to wild-type preparations after E15.5 ( Fig. 1 B) . Population data show interburst intervals of 3.9 Ϯ 1.2 s (n ϭ 4) and 55 Ϯ 25 s (n ϭ 4) in wild-type and mutant P0 preparations. Figure 1C shows representative traces of plethysmographic recordings of newborn Lbx1 ϩ/ϩ and Lbx1 GFP/ϩ mice. All subsequent recordings were performed from in vitro preparations isolated from E18.5 mice delivered via caesarian section. This negated any potentially confounding problems associated with measurements from mutant newborn mouse preparations that may have had altered CNS function because of the hypoxia associated with postnatal hypoventilation.
A total of 45 Lbx1 mutant and 39 wild-type mice were subsequently selected for detailed analyses. For the first studies of E18.5 mice, the respiratory rhythm was monitored using brainstemspinal cord preparations with the diaphragm muscle attached. Respiratory rhythmic bursting was apparent in population recordings of XII nerve roots and diaphragm EMG recordings in Figure 2 . Lbx1 mutant in vitro brainstem-spinal cord preparations generated nonrespiratory rhythmic neural activity at E18.5. A, Rectified and integrated suction electrode recordings of diaphragm EMG and hypoglossal nerve root activity (XII) in brainstemspinal cord-diaphragm preparations (BSSCD) isolated from E18.5 wild-type and Lbx1 mutant mice. Recordings were from preparations with (1) pons intact, (2) medulla intact and (3) without the rostral medulla. After removal of the pons, the rhythmic respiratory activity in wild-type preparations increased in frequency and irregularity. The rhythmic respiratory discharge in wild-type preparations was not significantly altered after removal the rostral medulla (RM). The motor discharge was markedly slower in all Lbx1 mutant preparations, without a significant change in frequency, amplitude, duration, or regularity upon transection of the pons and rostral medulla. Recordings from Lbx1 mutant hypoglossal nerve roots showed an additional longerduration, nonrespiratory rhythm (#), that was not observed in wild-type preparations at E18.5. B, Population data showing the frequency of both respiratory and nonrespiratory rhythm for each type of brainstem-spinal cord-diaphragm preparation. Each data point was from four to five preparations tested. *p Ͻ 0.05, compared with wild-type.
those preparations. The mean interval between inspiratory bursts was 4.2 Ϯ 1.6 s (n ϭ 16) in wild-type and 46 Ϯ 18 s (n ϭ 21) in Lbx1 mutant preparations. In addition to the respiratory activity, a second longer-duration (Ͼ3 s) bursting activity was prominent on XII nerve recordings in all E18.5 Lbx1 mutant preparations (Fig. 2 ). This type of nonrespiratory rhythm was seldom observed in wild-type preparations at the same stage of development. The longer-duration, nonrespiratory rhythm had the same characteristics described previously for fetal mice and rats (Greer et al., 1992a; Pagliardini et al., 2003; Ren and Greer, 2003; ThobyBrisson et al., 2005) . These spontaneously generated fetal rhythms are typically generated throughout the neuraxis at earlier stages of rodent development but cease occurring by E16 in mice (Thoby-Brisson et al., 2005) .
These data demonstrate that Lbx1 mutant mouse preparations generate a very slow rate of inspiratory bursting, which in vivo would cause rapid hypoxia and inability to survive. Although, the basic inspiratory rhythm is thought to be generated within the preBötC, neurons in that region receive synaptic input and interact with respiratory nuclei in the pons, including the A5 noradrenergic group. The parafacial respiratory group (pFRG) is also thought to be coupled with and modulate the activity of the preBötC (Onimaru and Homma, 2003; Dutschmann et al., 2004) . We therefore performed a series of experiments recording respiratory discharge in Lbx1 mutant preparations before and after removal of the pons and rostral medulla to test whether those structures were contributing to the abnormal respiratory rhythm in vitro. Figure 2 A shows examples of recordings from each type of preparation derived from wild-type and Lbx1 mutant preparations. Past reports state that E18.5 mouse brainstem-spinal cord preparations typically fail to generate a respiratory rhythm with the pons intact (Viemari and Gérard, 2002) . However, all of our E18.5 wild-type brainstem-spinal cord-diaphragm preparations with the pons attached generated a robust stable rhythm with a frequency of 5.4 Ϯ 3.4 bursts/min (n ϭ 4). The removal of the pons in wild-type preparations resulted in the coefficient of variability increasing more than twofold (0.53 Ϯ 0.10 with pons vs 1.22 Ϯ 0.14 without pons, n ϭ 5) and overall bursting frequency increasing to 16.9 Ϯ 6.7 bursts/min (n ϭ 5) (population data is shown in Fig. 2 B) . With the pons removed, the characteristic periodic pattern of motor discharge often seen in mouse, but only occasionally in rat preparations, emerged. Specifically, a train of shorter duration bursts was followed by a single burst of larger amplitude and longer duration which in turn was often followed by a short cessation of activity before the recommencement of shorter duration bursting (Fig. 2 A, middle) . We did not analyze relative changes in those various discharge burst patterns. The further removal of rostral medulla in wild-type preparations caused no significant changes in the frequency (12.1 Ϯ 4.6 bursts/ min without rostral medulla) of respiratory rhythm. All three types of preparations isolated from Lbx1 mutant mice generated much slower, yet regular, respiratory rhythms relative to corresponding wild-type preparations (n ϭ 5). The removal of the pons and rostral medulla did not significantly affect the rhythmic discharge in mutant preparations. In addition, the longer duration, nonrespiratory rhythms were prominent in all three types of Lbx1 mutant preparations.
Neuromodulation of respiratory rhythm in E18.5 Lbx1 mutant mice
The slower respiratory rhythms generated by E18.5 Lbx1 mutant versus control could be attributable to an inability of the preBötC rhythm generating network to generate faster rhythms. Alternatively, it may reflect defects in the neuromodulatory systems that provide conditioning excitatory/inhibitory drive to the preBötC or a lack of sufficient synaptic drive among neurons within the preBötC network. To determine whether the respiratory frequency could be increased, we bath applied neuromodulators known to provide excitatory drive to the preBötC. This included substance P (SubP; 1 M), thyrotropin releasing hormone (TRH; 1 M), serotonin (5-HT; 25 M), or noradrenaline (25 M) (Al- Greer et al., 1996; Viemari and Gérard, 2002; Pagliardini et al., 2003) . We also applied the ampakine drug 1-(1-4-benzodioxan-6-yl-carbonyl) piperidine (CX546) (200 M), a positive modulator of AMPA receptors, that has been shown to increase respiratory frequency by increasing the efficacy of endogenous glutamatergic synaptic drive (Ren et al., 2006) . Diaphragm EMG recordings from brainstem-spinal cord-diaphragm preparations were used to monitor respiratory rhythm. Figure 3 shows that all of the excitatory agents caused a very pronounced increase in the frequency of respiratory rhythm in E18.5 Lbx1 mutant preparations. These data demonstrate that Lbx1 mutant mice at E18.5 are capable of generating robust respiratory rhythms similar to wild-type mice when provided with the necessary excitatory conditioning neurochemical drive.
We also tested whether the slow rhythms were in part caused by increased inhibitory drive via GABAergic or glycinergic mechanisms (Cheng et al., 2004 ). There were no significant changes in respiratory frequency or variability after bath application of the receptor antagonists bicuculline (free base, 10 M; n ϭ 3) or strychnine (1 M; n ϭ 3). The frequency and coefficient of variability in control, bicuculline, and strychnine conditions were 1.4 Ϯ 0.56 bursts/min and 0.7 Ϯ 0.16, 1.57 Ϯ 0.9 bursts/min and 0.68 Ϯ 0.21, and 1.47 Ϯ 0.57 bursts/min and 0.60 Ϯ 0.12, respectively.
Anatomical analyses of respiratory nuclei of wild-type and Lbx1 mutant mice To investigate neuroanatomical abnormalities that may explain respiratory defects in Lbx1 mutant mice, we studied the expression of different neuronal markers within the caudal pons and medulla. For the purpose of this study, we primarily focused on the expression patterns and anatomical defects relevant to the key nuclei involved in modulating respiratory function and those data are discussed in detail below. However, for completion, we did determine Lbx1 expression patterns and several defects in Lbx1 mutants within other brainstem regions. Figure 4 shows the expression patterns of GFP in the caudal and rostral medulla of Lbx1 GFP/ϩ mice and some of the major defects in the mutant Lbx1 GFP/GFP mice. In heterozygote mice, GFP is expressed by cells in the spinal trigeminal subnuclei [caudalis (SpVc) and interpolaris (SpVi)], in the cuneate and gracile nuclei (Cn/Gr), in the area postrema (AP), in the NTS, in scattered cells of the ventral medulla below the NA, in the parvicellular reticular formation (PR), in the gigantocellular reticular formation (Gi), and in the vestibular nucleus (Ve).
The cytoarchitecture of the medulla of Lbx1 GFP/GFP mice was severely disrupted at E18.5. In particular, the sensory nuclei located in the dorsolateral medulla (Cn/Gr, SpV, and NTS) were highly abnormal, as reported previously from Sieber et al. (2007) . The SpV failed to form and neurons rather bundled around the NTS. In addition to the dorsal defects reported previously, we demonstrate a reduced distribution of GFP ϩ cell in the ventral medulla (Fig. 4, arrowhead) and a marked enlargement of the inferior olive (Fig. 4, arrows; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Furthermore, in Lbx1 GFP/GFP mice (E18.5), ascending and descending tracts were misrouted, and extensive longitudinally oriented fibers along the surface of the ventral medulla shifted ventral motoneuronal pools [NA and facial (VII) nuclei] to a more dorsolateral position relative to wild-type mice (data not shown). However, analysis of size extension and cell density of NA, VII, and XII showed no apparent defects in the respiratory related motoneuronal pools. ϩ and SST ϩ cells in the preBötC area are not Lbx1 derived as they did not express GFP in Lbx1 GFP/ϩ or Lbx1 GFP/GFP mice. Furthermore, immunolabeling for NK1R and SST showed that the gross structure of the preBötC formed normally in mutant mice. However, in mutant mice preBötC location was shifted in a more dorsolateral position (Fig. 5) , further away from the ventral surface of the medulla because of the aberrant migration of other medullary and spinal neurons, fiber tracts, and the expansion of the inferior olive.
RTN neurons
Data from recent studies suggests that a population of glutamatergic neurons ventral to the VII nucleus that express Phox2b directly sense the pH of the blood and provide a major chemosensory drive to the preBötC (Stornetta et al., 2006; Mulkey et al., 2007) . This population corresponds to the classical location and phenotype described for chemosensitive neurons of the RTN (Feldman et al., 2003; Mulkey et al., 2004; Stornetta et al., 2006) . Furthermore, mutant mice lacking Phox2b-positive neurons in the RTN die shortly after birth because of respiratory dysfunction (Dubreuil et al., 2008) similar to Lbx1 mutants. We found that the majority of Phox2b-expressing RTN neurons in Lbx1 GFP/ϩ mice were GFP positive and also expressed the NK1R (Fig. 6 A, C) . GFP/ϩ and Lbx1 GFP/GFP mice at E18, respectively. GFP is expressed in the spinal trigeminal subnuclei (caudalis, SpVc and interpolaris SpVi), in the Cn and Gr, in the AP, in the NTS, in scattered cells in the ventral medulla below the nucleus ambiguus, in the PR, and in the Ve in Lbx1 GFP/ϩ mice. In Lbx1 GFP/GFP mice, GFP is expressed in the putative region of SpV, Cn, Gr, AP where the cytoarchitecture of the sensory systems (SpV, Cn and Gr) is grossly abnormal. In addition, there is a reduction of cells in the ventral medulla (arrowhead in D) and a marked enlargement of the inferior olive (arrows in B, D). Scale bars, 400 m.
Furthermore, Phox2b/NK1R-expressing neurons in the RTN were absent in Lbx1 mutant mice (Fig. 6 B, D) . Those data demonstrate that Lbx1 is necessary for the proper development of a subclass of Phox2b/NK1R RTN neurons in the caudal pons.
Catecholaminergic neurons
Respiratory function is strongly modulated by catecholaminergic neurons in pontine and medullary structures (Li et al., 2008) . Many of these catecholaminergic neurons are also specified by Phox2b, however they originate from a distinct developmental population than glutamatergic RTN neurons (Pattyn et al., 2000; Qian et al., 2001; Brunet and Pattyn, 2002; Dauger et al., 2003) and they do not coexpress GFP in Lbx1 GFP/ϩ mice ( Fig. 7A-C) . All of the catecholaminergic nuclei are present in Lbx1 null mice (Fig. 7D-F ) . However, loss of Lbx1 activation did cause a perturbation within these populations, as the numbers of TH-positive neurons were increased in the catecholaminergic groups A1/C1 (158.1 Ϯ 15.9%; n ϭ 6) and A5 (222.8 Ϯ 63.7%; n ϭ 3) nuclei in mutant mice (Fig. 7) . A similar increase in TH-positive neurons was also observed dorsal to the nucleus ambiguus (246.5% Ϯ95.2 SD; n ϭ 5) and along the midline (288.0 Ϯ 157.5% SD; n ϭ 4). Increased staining for TH fibers and neurons, were also observed in the A2/C2 and C2/C3 catecholaminergic group. Collectively, the data suggest that loss of Lbx1 expression results in ectopic noradrenergic neuron expression.
We tested the hypothesis that the excess TH-positive neuronal populations resulted in increase noradrenergic input to the preBötC and influenced rhythmogenesis in mutant brainstem-spinal cord preparations. Bath application of ␣1 and ␣2 adrenoceptor antagonists prazosin (50 M), and idazoxan (50 M) had no significant effects on the respiratory frequency in mutant (n ϭ 3) and wild-type (n ϭ 3) preparations (data not shown).
GABAergic and glycinergic inhibitory inputs
Studies of spinal cord development have shown that Lbx1 is expressed in a subset of inhibitory neurons that express Pax2 (Burrill et al., 1997) . Furthermore, mutant mouse models lacking substantial populations of GABAergic and glycinergic medullary neurons have a lethal respiratory phenotype (Kuwana et al., 2003; Fujii et al., 2007) , consistent with what we observed with our electrophysiolgocial recordings of Lbx1 mutants. Thus, we focused on examining inhibitory neurons within the NTS and the ventrolateral medulla, given that these regions are involved in modulating respiratory rhythm. Figure 8 A-D shows the distribution of Lbx1-derived, Pax2-expressing inhibitory neurons in Lbx1 GFP/ϩ or Lbx1 GFP/GFP mice. A widespread reduction of Pax2/GFP-coexpressing neurons was observed in the sensory structures of Cn/Gr, in the SpV and in neurons of the ventral medulla and NTS. In mutant mice, Pax2 ϩ / GFP Ϫ neurons were apparently not affected by the absence of Lbx1 during development. Figure 8 E-H shows Pax2 expression in the ventral medulla. Here, we observed in Lbx1 GFP/ϩ mice, two distinct Pax2-expressing populations, one that is Lbx1 derived. In Lbx1 GFP/GFP mice (Fig. 8 F, H ) , the population of inhibitory GFP ϩ /Pax2 ϩ neurons is substantially decreased in this region. The major inhibitory neurotransmitter in the respiratory col- umn is glycine (Shao and Feldman, 1997) . The best characterized inhibitory population in the ventrolateral medulla is the glycinergic expiratory neurons of the BötC. Figure 9 , A and C, shows that Lbx1-derived neurons in the BötC express Pax2. Combined in situ hybridization for GlyT2(Slc6a5) (Fig. 9 B, D) and immunohistochemistry for Pax2 (Fig. 9D) in the adjacent section demonstrates that BötC neurons are glycinergic and Lbx1 derived. Contrasting GlyT2 mRNA labeling in wild-type (Fig. 9B) and mutant (Fig. 9E) mice demonstrates the necessity of Lbx1 expression for development of glycinergic neurons in the ventral medulla. Furthermore, the loss of Lbx1 expression leads to severe migration abnormalities of GFP/Pax2-expressing neurons (Fig. 9F) .
Given the marked loss of glycinergic and GABAergic neurons in the medulla, we tested whether exogenous application of those neurotransmitters would normalize the slow rhythms in mutant brainstem-spinal cord preparations. However, bath application of the GABA A receptor agonist muscimol (0.1 M) or glycine (30 M) resulted in yet further slowing of the respiratory rhythm (ϳ50%; n ϭ 3; data not shown).
Origins of anatomical defects in respiratory nuclei
The above data demonstrate that the absence of Lbx1 expression results in a marked reduction of Phox2b neuronal populations within the RTN and inhibitory neurons within multiple nuclei at E18.5. We examined the hindbrain of Lbx1 GFP/ϩ and Lbx1 GFP/GFP mice at E10.5-E12.5 to determine whether these defects were present early in development or were caused by some later stage developmental abnormality. A recent study has classified dorsally generated neuronal populations in the brainstem based on the expression of specific transcription factors . This organization is summarized in Figure 10 A. Briefly, most dorsalgenerated neurons are classified into four subpopulations (dA1-dA4), and more ventrally generated neurons are classified in four subpopulations (dB1-dB4). Two additional subpopulations of neurons (dBLA-dBLB) are generated later in development. During the first wave of neurogenesis at E10.5-E11.5, Lbx1-expressing cells are present in dB1, dB2 (exclusively in the pons), dB3 and dB4 domains in the developing hindbrain. During the second wave of neurogenesis at E12.5, Lbx1 neurons develop in dBL A and dBL B populations Gray, 2008) . We confirmed the classification of the Lbx1-expressing neurons outlined in Sieber et al., 2007 and further extended the analysis on the origin, identity and likely neurotransmitter phenotype of these neuronal populations in both wild-type and mutants.
Inhibitory interneurons
When we studied the expression of Pax2 and Lmx1b in the early stages of development (Fig. 10 B-E) , we confirmed the absence of Pax2 from dB1 neurons as early as when the first dB neurons are generated (Fig. 10C,E) (data not shown) . Furthermore, in late generated dLB A neurons, Pax2 expression is again absent (Fig.  10G,I ). These results suggest that Pax2/Lbx1 inhibitory neurons in the medulla do not form and putative neurons are respecified into a more dorsally generated FoxP2 (dA2 neurons of inferior olive) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) and Phox2b-dependent neurons (dA3, that later in development settle in the dorsal medulla) . Thus, the loss of glycinergic Pax2 positive neurons in the ventral medulla at E18 could be accounted for abnormal specification during the E10 -E12 period of neurogenesis.
Phox2b RTN neurons
Because Lbx1/GFP is exclusively coexpressed with Phox2b in the dB2 population of Lbx1 GFP/ϩ mice (Fig. 10, supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), we propose that RTN neurons originate solely from dB2 Lbx1/ Phox2b-expressing neurons, in contrast with other cathecholaminergic and cholinergicneurons in the brainstem, which originate from dA3 neurons. In the early stages of development of Lbx1 GFP/GFP mice we could not detect any abnormalities in the pontine origin of dB2 neurons (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material); therefore, it is likely that many of the putative Phox2b/Lbx1 RTN neurons originate from dB2 but fail to properly migrate to the ventral surface of the caudal pons. In addition, we observed a large increase in Phox2b-expressing neurons within the dB3 and dBl populations of Lbx1 GFP/GFP mice medulla. Similar to what was reported by Sieber et al. (2007), we observed that the majority of the putative Lbx1-derived neurons switched their neuronal phenotype and started expressing Phox2b and Lmx1b, typical markers of the more dorsally derived dA3 neurons that give origin to NTS, AP, and several cathecolaminergic populations (Fig 10) . Therefore, the identification of the exact location of the misrouted RTN neurons was masked by the ectopic presence of Phox2b/GFPexpressing neurons in the brainstem of Lbx1 GFP/GFP mice.
Discussion
Abnormal respiratory rhythmogenesis caused by loss of Lbx1 expression
In vitro recordings demonstrated that mice lacking Lbx1 expression have a markedly depressed frequency of respiratory rhythm during the late stages of gestation and at birth compared with wild-type mice. However, in vitro, the inception of respiratory rhythmogenesis in Lbx1 mutants commenced at the same developmental stage as the wild-type mice. Indeed, at that early stage, there were no significant differences in respiratory frequency between wild-type and Lbx1 mutant preparations. By E18.5, the frequency of respiratory rhythm had increased approximately fivefold in the wild-type while not changing significantly from the E15.5 frequency in Lbx1 mutants. This raises the question of what is responsible for the typical increase in frequency of respiratory rhythm that occurs in vitro and in vivo during late fetal development. Potential mechanisms include: (1) age-dependent differences in neurons and/or the network underlying rhythmogenesis, (2) suppression of fetal network activity caused by endogenous inhibitory modulators, and (3) improper development of modulatory systems that provide excitatory drive to or within respiratory networks (Greer et al., 1992b; Kobayashi et al., 2001; Ren and Greer, 2003; Thoby-Brisson et al., 2005) . In vitro, fetal rhythm-generating centers can oscillate at frequencies comparable to those of the neonate if agonists of excitatory modulators are administered (Greer et al., 2006) . Similarly, in utero, the frequency of fetal breathing movements in rats is increased by administration of the respiratory stimulants doxapram and aminophylline (Kobayashi et al., 2001) . Application of the excitatory neuromodulators TRH and SubP in vitro also produces markedly increases in the frequency of prenatal respiratory rhythm Pagliardini et al., 2003) . Here in this study, bath application of SubP, noradrenaline, 5-HT, and TRH revealed that the Lbx1 mutant E18.5 preparations could generate robust respiratory drive at frequencies similar to the wild-type if excitatory conditioning drive is added. Thus, the hypoventilation in Lbx1-deficient mice could be accounted for by a failure of the normal excitatory conditioning drive necessary to develop after E15.5.
Abnormal anatomical structures within pontomedullary structures that modulate respiratory rhythmogenesis in Lbx1 mutant mice. There were no gross abnormalities of preBötC structure as defined by NK1R and SST labeling. The preBötC in Lbx1 mutants was positioned more dorsolaterally as a result of abnormal medullary nuclei and tract formation. This could result in perturbations in synaptic organization impinging onto the preBötC. However, the more substantial anatomical perturbations were with medullary and pontine structures that provide key modulatory drive to the preBötC. This included the following. 
Significant loss of glutamatergic RTN neurons in the region of the facial nucleus
Our data suggest that Phox2b/Lbx1 RTN neurons likely originate from the dB2 pontine population in both wild-type and mutants but they fail to properly migrate in Lbx1 mutants. RTN neurons provide a major component of central chemosensitive drive to the preBötC. Thus, Lbx1 mutant mice lack a key element of tonic excitatory synaptic drive and reflex compensatory drive in response to hypoxia resulting from apneas. Replacement of excitatory drive with bath application of excitatory neuromodulators or enhancement of remaining glutamatergic drive with ampakines normalized the respiratory rhythm in Lbx1 mutants. Consistent with our data, another mutant mouse model lacking Phox2b derived glutamatergic neurons in the RTN region die of central apnea at birth because of abnormal respiratory rhythms (Dubreuil et al., 2008) .
Reduction of GABA and glycinergic input from the dorsolateral medulla, NTS, and ventrolateral medulla attributable to failure of the initial formation of GABA/glycinergic precursors with dB1/ dBL A populations at E10
There is typically very little tonic release of GABA or glycine that modulates respiratory rhythm in vitro (Zhang et al., 2002; Ren and Greer, 2006) . One would not predict that a perturbation of those systems to significantly alter rhythmogenesis in vitro via alterations in membrane potential of preBötC neurons. Indeed, bath application of agonists to glycine and GABA receptors at E18 slowed the rhythm further and the addition of receptor antagonists did not alter rhythm. However, chloride-mediated conduc- tances serve important roles in neuronal and network systems development. Specifically, at earlier stages (i.e., before E17) GABA and glycine act as excitatory neurotransmitters and promote growth factor expression and release (Gao and van den Pol, 2000; Ben-Ari, 2001; Gao and van den Pol, 2001; ). The loss of those actions may contribute to respiratory network and medullary structure abnormalities. Newborn mutant mice with deficiencies in GABA and glycine transmission have severely disrupted respiratory rhythm in vitro and in vivo (Kuwana et al., 2003; Fujii et al., 2007) , similar to those generated by Lbx1 preparations lacking normal chloride-mediated neuromodulation during development.
Ctopic catecholaminergic neuron formation caused by alterations in neuronal phenotype
Catecholaminergic neurons are not essential for rhythmogenesis but they do modulate respiratory network function at multiple levels (for review, see Li et al., 2008) . Noradrenaline induces an increase or decrease in respiratory frequency depending on the overall balance of ␣1 versus ␣2 receptor activation within the preBötC (Hilaire et al., 2004) . We demonstrated that the abnormal respiratory rhythm generated in vitro did not result directly from abnormal activation of adrenergic receptors.
Persistence of nonrespiratory rhythms because of loss of Lbx1 expression
Wild-type and Lbx1 mutant brainstem spinal cord preparations at E15.5 generate robust rhythmic bursting that are large in amplitude, longer in duration and more diffuse in its spread within the neuraxis relative to respiratory rhythms. Episodes of spontaneous rhythmic activity are widespread in the developing vertebrate nervous system (Katz and Shatz, 1996; Milner and Landmesser, 1999; Nakayama et al., 1999; O'Donovan, 1999; Hanson and Landmesser, 2003; Ren and Greer, 2003; Yvert et al., 2004) . However, they typically subside post E15 in the developing mouse (Thoby-Brisson et al., 2005) . The nonrespiratory rhythms are dependent on glutamatergic synaptic drive, suppressed by gap junction blockers, and originate in the spinal cord and dorsal regions of the medulla Thoby-Brisson et al., 2005; Ren et al., 2006) . Functionally, the persistence of the rhythms in Lbx1 mutant E18.5 in vitro preparations will result in an additional perturbation and occlusion of respiratory rhythm Thoby-Brisson et al., 2005) . The marked deficiency in the development of dorsal medullary inhibitory neurons in Lbx1 mutant mice likely contributes to the persistence of nonrespiratory rhythms.
Functional implications for respiratory control
Lbx1 mutant mice die at birth because of defective respiratory rhythmogenesis. Specifically, the respiratory frequency is slow and robust nonrespiratory rhythms persist throughout gestation that would interfere with coordinated respiratory motor patterns. Pharmacological experiments demonstrated that respiratory rhythm could be normalized with additional excitatory neurochemical drive to the preBötC. The loss of excitatory drive from neurons in the RTN was likely a major contributor to abnormal rhythmogenesis. Furthermore, loss of chloride-mediated synaptic input from the NTS, BötC, and ventrolateral medulla could lead to developmental abnormalities of neuronal function and network development. Overall, these data demonstrate that a malformation of conditioning drive from these structures has profound implications for normal breathing and survival. Mouse models of Rett, Prader Willi and Congenital Central Hypoventilation Syndromes all have central respiratory drive dysfunction caused by specific genetic defects (for review, see Gaultier, 2004; Pagliardini et al., 2008) . In each case, data from those studies are consistent with the respiratory phenotype arising from multiple perturbations of conditioning drive to the preBötC rather than a defect of the preBötC per se. Furthermore, the cause of respiratory depression associated with apnea of prematurity, obstructive sleep apnea and potentially a subset of Sudden Infant Death have been hypothesized to result from abnormalities of conditioning synaptic inputs necessary for adequate respiratory rhythmogenesis and transmission (for review, see Darnall et al., 2006; Horner and Bradley, 2006) . Thus, an understanding of the transcriptional control of not only the preBötc, but also the associated respiratory nuclei will be necessary for understanding the ontogeny of respiratory neural control and pathologies. Results from this study demonstrate that Lbx1 is one of the critical "master genes" necessary for transcriptional control of key brainstem respiratory neural circuitry and function.
